Abstract. The extraction of the building models from remote-sensed data is an important work in the geographic information systems. This investigation describes an approach to integrate LIDAR data and 2D building boundaries for building reconstruction. The proposed scheme comprises of three major parts: (1) data pre-processing, (2) extraction of building primitive, and (3) shaping. In the data pre-processing, the LIDAR point clouds are structuralized by Triangulated Irregular Networks (TIN) and interpolated as Digital Surface Model (DSM). The building boundaries are traced to form closed polygons. In the extraction of building primitive, we use DSM with Canny Edge Detector to determine the step edges. The ridge lines are extracted from the raw point clouds by using a TINbased region growing technique. The coplanarity and adjacency are considered for the TIN-based region growing. Finally, the building polygon is divided into several building primitives by the extracted structure lines. In the building reconstruction, we shape the roof of each building primitive by using LIDAR point clouds. The proposed method has been tested with LIDAR data acquired by Leica ALS50 and 1/1000 topomap. Experimental results indicate that the proposed scheme reaches high reliability, and the shaping error of the reconstructed models is better than 0.20 meter.
Introduction
Building modeling in a cyber space is an essential task in the applications of three-dimensional Geographic Information Systems (GIS).
The extracted building models are useful for urban planning [1] , urban modeling [2] , disaster management [3] , as well as other applications. Traditionally, the reconstruction of building models is performed by using aerial photography. The procedure requires vast amount of manpower, resources, cost, and time. As an emerging technology, the airborne LIDAR (LIght Detecting And Ranging) system provides a promising alternative. Its high precision in laser ranging and scanning orientation makes the decimeter accuracy for ground surface possible. The threedimensional point clouds acquired by an airborne LIDAR system provide abundant 3D information. Meanwhile, the large scale vector maps preserve accurate building boundaries. Thus, we propose here a scheme that integrates LIDAR data and building boundaries for building reconstruction.
Several investigators have reported on the generation of building models from LIDAR and vector maps. The reconstruction strategy can be classified into two categories, i.e., model-driven and data-driven. Modeldriven is a top-down strategy, which starts with hypothesis of synthetic building model, then, verifies the correctness of model with LIDAR point clouds. In the model-driven strategy, the building boundaries may be split into several primitives by some rules. A number of 3D parametric primitives are generated by the 2D primitives. Then, select the best fitting 3D parametric primitives from LIDAR point clouds. The building model is obtained by merging all 3D building primitives [4, 5, 6] . However, this method is restricted on the types of 3D parametric primitives.
Data-driven is a bottom-up strategy which extracts the plane and line features in the beginning, and then, groups them into a building model through a hypothesis process. Overby et al [7] show a data-driven approach based on the 3D Hough Transform. Schwalbe et al [8] extract the plane features using orthogonal point clouds projection. The ridge line is obtained by planes intersection. However, these results are limited in gable roof. The step edges or height jump lines are not considered in the investigation.
The crucial issue of building modeling from the LIDAR point clouds is to extract the facet feature. The facet feature can be obtained by using grid data with image-based region technique [9] . The interpolation process is required for resampling the data into regular grid, which is accompanied by interpolation errors. Elaksher and Bethel [10] transform the point clouds into parameter space and clustering technique to extract the facet feature. But the adjacency of point clouds is not considered in parameter space. The LIDAR point clouds can be structuralized as Triangulated Irregular Networks (TIN). The parameters of triangle can be mapped into a triangle parameter space, then, the facet feature is obtained by a clustering technique [11] . However, the parameters of triangle are sensitive to noise.
In this investigation, we describe a data driven approach to integrate LIDAR data and 2D building boundaries for building reconstruction. The proposed scheme comprises of three major parts: (1) data pre-processing, (2) extraction of building primitive, and (3) building shaping. In the data pre-processing, the LIDAR point clouds are interpolated as Digital Surface Model (DSM) and structuralized by Triangulated Irregular Networks (TIN). The building boundaries are traced to form closed polygons. In the extraction of building primitive, we use DSM with Canny Edge Detector [12] to determine the step edges. The ridge lines are extracted by using a TIN-based region growing technique. The coplanarity and adjacency are considered for the TIN-based region growing. Finally, the building polygon is divided into several building primitives by the extracted structure lines. In the building reconstruction, we shape the roofing of each building primitive by using LIDAR point clouds with least squares regression. The building model is obtained by merging all 3D building primitives. The schema of the proposed method is shown in Fig. 1 .
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For the vector maps, there is no topology among building boundaries in the line maps. The closed building polygons are built from polylines by using the Split and Merge method [13] . In order to avoid selecting the erroneous points, the point clouds have to be located inside the building polygon. The point-in-polygon technique [14] is taken to select points inside the building polygon. For the LIDAR point clouds, the LIDAR point clouds are both structuralized by TIN-mesh and interpolated as DSM. The TINmesh is built to represent the facets of the point clouds by using Delaunay triangulation [15] . Then, we use the TIN-based interpolation method to rasterize the LIDAR point clouds. Fig. 2 shows an example of LIDAR point clouds, TIN-mesh and DSM in a building polygon.
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Fig. 2. An example of LIDAR data in a building polygon. (a). LIDAR point clouds, (b). LIDAR TIN-mesh, (c). LIDAR Digital Surface Model

Building Primitives Extraction
The objective of building primitives extraction is to divide the building polygon into several building primitives. We use the building structure lines to spilt up the building polygon into building primitives. The building structure lines include ridge line and step edge (also called height jump line or wall). The ridge line refers to a structure line that is intersected by two facets. It is often seen in a gable roof or hipped roof building. The step edge is a building structure line between two height jump facets. Fig.3 demonstrates a building with different structure lines. Considering the characteristics of these two structure lines, we use different strategies to obtain the structure lines. For the step edge, the edge features is obtained by LIDAR DSM with Canny edge detector. The Canny edge detector is able to extract the location of discontinuity or sharp change in elevation. For the ridge line, we use LIDAR TIN-mesh region growing to extract the facet feature, the ridge line is computed from the intersection of the adjacent facets. Once the structure lines are extracted, we divide the building polygon by the extracted structure lines to obtain the building primitives.
Step Edge Extraction
The
Step edge is a kind of building structure line between two facets, which describes the height jump between roofs. We detect the step edge from the rasterized LIDAR DSM. First, the edges features in a building polygon are obtained by applying a Canny operator. The Canny edge
Step Edge Ridge Line Fig. 3 . Building structure lines detection algorithm is known as the optimal edge detector. A more detailed description of Canny operator can be found in [12] . Sometimes, the edges of building boundaries are also extracted, so we set a distance threshold to remove the edge features overlap/close to the building boundaries. After extracting the edge features, we perform straight line tracking by using strip algorithm [16] . The idea of strip algorithm is to extract the straight lines from the adjacent pixels within a pipe line width. Once the straight lines are extracted, a length threshold is applied to remove the short lines caused by the noise. Then, we include the building direction from building boundaries in straight lines regularization. If the direction of straight lines is close to building direction, the straight lines are adjusted to be parallel to the building direction. Finally, we get the step edges. The steps of step edge extraction are illustrated in Fig. 4 .
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Ridge Line Extraction
The ridge line is a building structure line which is intersected by two facets. In order to get the intersection line, the facet extraction is an important process in this step. A TIN-based region growing procedure is employed for facet extraction. The coplanarity and adjacency between triangles are considered for TIN-based region growing. The coplanarity condition is the distance of triangle center to the plane. When the triangles meet the coplanarity criteria, the triangles are merged together as a new facet. The process starts by selecting a seed triangle and determining the initial plane parameter. If the distance of neighbour triangle to the initial plane is smaller than the threshold, those two triangles are combined. The reference plane parameter is recalculated using all of the triangles that belong to the region. The seed region will grow as long as the distance is under a threshold. A new seed triangle is chosen when the region stops growing. The region-growing step stops when all triangles have been tested. Due to the errors of the LIDAR data, those detected regions may consist of fragmental triangles. Thus, small regions will be merged with its neighbourhood that has the closest normal vector. Once the planar segments are extracted, the ridge line is obtained by the intersection of two adjacent planar faces. Fig. 5 is an example of ridge line extraction.
Building Primitive Generation
After extracted the building structure lines, we use the structure lines to split the building polygon to several building primitives. Each building primitive represents the small element of building. In another words, we divide a complex building into many simple building primitives. The complex building is reconstructed by combining all the building primitives together. Split and merge process are two major steps in primitive generation [13] . First, we extend all the structure lines to the building boundaries, and then we calculate the intersection points among the structure lines. The building polygon is split into many small polygons. We merge the polygons by examine the share lines between polygons. Notice that the height information is ignored in this step. Fig. 6 is the illustration of the building primitive generation for building modeling. 
Building Shaping
The objective of building shaping is to shape the roof-top of each building primitives. We consider the LIDAR point clouds are located in building primitives to perform the building shaping. The TIN-based region growing procedure as described before is employed in this stage. Once the planar segments are extracted, we use least squares regression to determine the coplanarity function of the planar segment. Thus, we use the 3D plane information to define an appropriate roof. The building model is obtained by merging all 3D building primitives. Fig. 7 shows the building shaping for building reconstruction. 
Experimental Results
The LIDAR data used in this research cover an area in Industrial Technology Research Institute of north Taiwan. The data was obtained by a Leica ALS 50 system. The average density of LIDAR point clouds is 1.7 pts/m 2 . The discrete LIDAR points are rasterized to DSM with a pixel size of 0.5m. The used vector maps are with a scale of 1:1,000. Fig 8 shows the LIDAR DSM overlap with vector maps. Fig. 9 shows the satellite image of the test area. In this test area, the roof types include flat, gable, and multiple roofs.
The proposed method is applied to the test area. The step edges are obtained by LIDAR DSM with Canny edge detector. The 3D facets are extracted by TIN-based region growing, and the building structure lines are extracted from the 3D facets. After the building primitive generation, we use the LIDAR point clouds to shape the building roof-top. The result of building models is shown in Fig. 10 . Comparing the vector maps and generated building models, the generated building models are more detail than the vector maps. It is obvious that the inner structure lines had been extracted successfully.
As we are lacking of the on-site building measurements data, we use the LIDAR point clouds to evaluate the relative accuracy. In this paper, we name the relative accuracy as Shaping Error. First, we select the buildings with flat roof in the test area, then, the non-roofing LIDAR point clouds for each building are removed manually. Comparing the roof-top planes in the reconstructed models with the LIDAR point clouds, the RMSE of shaping error is 0.20m. 
Conclusions
In this investigation, we have presented a scheme for the reconstruction of building models by the fusion of LIDAR data and large-scale vector maps.
The experimental results demonstrate the potential of the building reconstruction. The proposed method takes the advantages of high horizontal accuracy from vector maps and high vertical accuracy from LIDAR data. The shaping error of the generated building models is 0.20 m, which corresponds to the vertical accuracy of LIDAR data.
